Using first-principles electronic structure calculations we find that the titanium vacancy and divacancy may be responsible for the unexpected ferromagnetism in undoped anatase TiO 2 . An isolated titanium vacancy produces a magnetic moment of 3.5 B , and an isolated titanium divacancy produces a magnetic moment of 2.0 B . The origin of the collective magnetic moments is the holes introduced by the titanium vacancy or divacancy in the narrow nonbonding oxygen 2p band. At the center of the divacancy, an O 2 dimer forms during the relaxation, which lowers the total energy of the system and leads to the decrease in the total magnetic moment due to a hole compensation mechanism. For both the two native defects, the ferromagnetic state is more stable than the antiferromagnetic state. 4 demonstrated that Ca vacancies in CaO can produce local magnetic moments and transform the nonmagnetic CaO into a half-metallic ferromagnet. These discoveries may also introduce a new path to the hightemperature ferromagnetism in TiO 2 . Actually, Hong et al. 5 reported that the undoped TiO 2 films deposited on ͑100͒ LaAlO 3 substrates are ferromagnetic at room temperature ͑T C Ͼ 400 K͒.
Since the discovery of room-temperature ferromagnetism in Co-doped anatase TiO 2 , 1 a lot of attention has been focused on TiO 2 doped with 3d-transition metals. 2 Recently, Venkatesan et al. 3 found unexpected magnetism in thin films of HfO 2 without doping. Because neither Hf 4+ nor O 2− is a magnetic ion and the d and f shells of the Hf 4+ ion are either empty or full, this phenomenon is termed as "d 0 ferromagnetism." 3 A similar phenomenon exists in another oxide, CaO. According to a density-functional theory ͑DFT͒ calculation, Elfimov et al. 4 demonstrated that Ca vacancies in CaO can produce local magnetic moments and transform the nonmagnetic CaO into a half-metallic ferromagnet. These discoveries may also introduce a new path to the hightemperature ferromagnetism in TiO 2 . Actually, Hong et al. 5 reported that the undoped TiO 2 films deposited on ͑100͒ LaAlO 3 substrates are ferromagnetic at room temperature ͑T C Ͼ 400 K͒.
There has been a consensus that the ferromagnetism in the oxides mentioned above is induced by native defects. However, debate still exists: cation vacancies and anion vacancies, which of them can produce magnetic moments? On one hand, Coey and co-workers 3, 6 suggested that the magnetism in HfO 2 arises from O vacancies: the O vacancies form an impurity band which mixes with the empty Hf 5d states, leading to the spin polarization. On the other hand, a firstprinciples study 7 shows that Hf vacancies can produce magnetic moment whereas O vacancies cannot. For CaO, the ferromagnetism is also attributed to cation vacancies, 4 and the high symmetry is regarded as a key factor for the forming of net magnetic moments. Because of the high symmetry, degenerate molecular orbitals exist, and the two holes related to the Ca vacancy would occupy the molecular orbitals in a triplet state due to the Coulomb repulsion. However, Das Pemmaraju and Sanvito 7 argued that the symmetry driven orbital degeneracy is not a prerequisite for the existence of the high-spin ground state in HfO 2 with Hf vacancies. As regards to TiO 2 , Hong et al. 5 stated that the ferromagnetism in the undoped samples originates from O vacancies based on their experiments. They found that the magnetic moments of the film decrease when the annealing time in oxygen atmosphere increases. However, more and more theoretical studies tend to support the cation vacancy inducing the ferromagnetism mechanism. [7] [8] [9] In this Brief Report, we study systematically the electronic structures and magnetic properties of the O vacancy, Ti vacancy, and Ti divacancy in TiO 2 . According to our calculations, the Ti vacancy and divacancy may be the possible origin of the unexpected ferromagnetism in the undoped anatase TiO 2 .
The first-principles calculations are carried out in the local spin-density approximation ͑LSDA͒ based on the DFT, as implemented in the Vienna ab initio simulation package. 10 The projector augmented wave pseudopotentials 11 are employed to describe the electron-ion interaction. The valence configurations are 4s 2 3d 2 and 2s 2 2p 4 for Ti and O, respectively. A 48-atom 2 ϫ 2 ϫ 2 supercell in the anatase structure is used. We use a plane-wave basis set with energy cutoff of 400 eV and a 6 ϫ 6 ϫ 6 Monkhorst-Pack k mesh 12 for the Brillouin-zone sampling. The convergency with respect to the energy cutoff and the k mesh has been checked. For the structure relaxation, the atomic positions are relaxed until the Hellman-Feynman force is less than 0.01 eV/ Å.
In Fig. 1 15 O 32 , where the energy scale is aligned according to the atomic core levels. For the perfect anatase TiO 2 crystal, the DOS is spin unpolarized. The local-density approximation ͑LDA͒ band gap is 2.0 eV, which is smaller than the experimental value 13 of 3.2 eV due to the LDA error. For the DOS pattern of the O deficient system, as in a previous study, 14 we find the defect states at the bottom of the conduction band, with a characteristic of Ti 3d orbitals. However, the DOS remains spin unpolarized, and the total magnetic moment of the system is zero. So, according to the LSDA calculation, the O vacancy does not produce a magnetic moment, which disagrees with Hong et al. 5 When a Ti vacancy is introduced, the valence band becomes spin polarized as illustrated in Fig. 2͑c͒ , and there are hole states above the host valence-band maximum ͑VBM͒. To better understand the nature of the hole states, we perform comparative studies of the relaxed and unrelaxed structures.
For the perfect crystal, the top of the valence band consists mostly of the O 2p orbitals, which refer to the O 2p orbitals pointing out of the Ti 3 O plane.
2,15 When a neutral Ti atom is removed, the Ti vacancy induces four empty states in the narrow O 2p band because of the 4+ valence state. The magnetic moments per Ti vacancy before and after relaxation are 4.0 B and 3.5 B , respectively. The total DOS and the local DOS at the vacancy site for the unrelaxed and relaxed structures are plotted in Fig. 3 . It is shown in the figure that the position of the vacancy-related local DOS shifts to lower energies because of the relaxation. We attribute this shift to the outward relaxation of the neighboring negative charged anions. This transforms the hole states from defect-related ones to host VBM-like ones. To illustrate this change clearly, we plot the wave function squared for the hole states around the vacancy site for the unrelaxed and relaxed Ti deficient supercells. As shown in Fig. 4͑a͒ , before relaxation, the holes, and then the magnetic moments, are mostly distributed uniformly over the six O atoms of the Ti b -centered octahedron, i.e., O 1 to O 6 . Whereas after relaxation, the hole states are much more delocalized, which are mainly distributed over the two apical O atoms and their nearest O atoms ͑such as O 5 and its nearest O atoms labeled from "3" to "12"͒, especially the two apical ones, as shown in Fig. 4͑b͒ . We can Fig. 1, then From the above discussion, we can conclude that the anion vacancies do not change the diamagnetic nature of the anatase TiO 2 crystal. It is the Ti vacancy that leads to the appearance of a net magnetic moment. In the case of CaO 5 , the high symmetry is considered as a fatal condition for the Ca vacancy to introduce a 2.0 B magnetic moment. However, from the symmetry consideration, the molecular orbitals are at most threefold degenerate in the crystals. According to the Pauli principle, the possible largest magnetic moment is only 3 B . So the symmetry driven mechanism cannot explain the net magnetization arising from the Ti vacancy, as in the case of HfO 2 . 7 For TiO 2 , the narrow band comprising nonbonding O 2p orbitals at the top of the valence band 2, 15 should be responsible for the phenomenon. When a Ti vacancy is formed, holes are introduced into this narrow band. Basically, spin polarization leads to an exchange splitting of the low energy majority-spin state and high energy minority-spin state. Because there are more electrons in the low energy majority-spin state, this exchange splitting lowers the total energy if holes exist. However, we need narrow bands ͑or localized states͒ to avoid the overlaps between the two spin channels, which would reduce or even kill the effect of the exchange splitting. For Ti deficient TiO 2 , the exchange splitting prevails. Actually, we find that the nonmagnetic state has a higher total energy than the magnetic one by 90.0 meV.
Recently, Ahn et al. 16 found that a pair of cation vacancies in rutile TiO 2 and monoclinic HfO 2 is greatly stabilized when the vacancies take the nearest neighboring sites, forming a cation divacancy. In the rutile TiO 2 , an O 2 dimer is formed near the divacancy site. In the anatase TiO 2 , we find a similar phenomenon. As shown in Fig. 1, when The stability of the divacancy can be measured by the binding energy which is defined by E b =2⌬H͑V Ti ͒ − ⌬H͑diV Ti ͒, where ⌬H͑V Ti ͒ and ⌬H͑diV Ti ͒ are the formation energies for the single Ti vacancy and divacancy. The calculated binding energy is as high as 4.875 eV, indicating that the Ti divacancy is preferred energetically. Meanwhile, the Ti divacancy has totally different magnetic properties comparing with two isolated single Ti vacancies. The magnetic moment per divacancy is only 2.0 B . When we put two vacancies at the nearest neighboring sites without structure relaxation, the binding energy and magnetic moment are −1.193 eV and 7.9 B , respectively. So the dramatic drop of the total energy and the total magnetic moment should result from the large structure relaxation and the formation of the O 2 dimer.
It is well known that an isolated O 2 dimer has a ground state with a magnetic moment of 2 B . In Fig. 5 , we illustrate schematically the energy levels and their occupation in an O 2 dimer. The magnetic moment arises from the two 2p electrons occupying the double degenerate antibonding ‫ء‬ orbitals. When the dimer is in the TiO 2 matrix, the two ‫ء‬ electrons will drop to the lower host states, compensating the holes introduced by the Ti vacancies. Meanwhile, two Ti-O bonds ͑as Ti c -O 5 ͒ will be broken, resulting in two Ti dangling bonds. Ti dangling bonds are essentially the same as O vacancies, which act as donor defects. These donor defects will further compensate the holes, resulting in a further decreasing of the total magnetic moment. In Fig. 6 , we plot the DOS of the supercell containing a Ti divacancy. In the figure, we also plot the DOS of the antibonding ‫ء‬ state on the O 2 dimer. It is shown that the ‫ء‬ state in the spin-up channel is totally unoccupied, so the magnetic moments of the oxygen dimer should be antiparallel with the moments of the surrounding O atoms. The dotted peak above the Fermi energy in the spin-down channel testifies the charge transfer, i.e., hole compensation. As a result, the local magnetic moments at the O 2 dimer change from −2.00 B to −0.5 B , and the total magnetic moments change from 8.0 B to 2.0 B . For the hole distribution on the other O atoms, it can be derived from the case of single Ti vacancy doping as shown in Fig. 4͑b͒ . However, a correction is needed due to the hole compensation which will decreases the magnetic moments located at the O atoms near the O 2 dimer and the Ti dangling bonds. anatase TiO 2 . In order to investigate the ordering of the magnetic moments around the Ti vacancies, we calculate the total energies of the supercells containing two Ti vacancies, in both the ferromagnetic and antiferromagnetic states. We consider three configurations, where the vacancies take the sites of Ti a and Ti c , Ti a and Ti d , and Ti a and Ti e . Table I summarizes the total-energy differences ͑⌬E͒ between the ferromagnetic and antiferromagnetic states and the total magnetic moments of the ferromagnetic state for all the three configurations. The negative ⌬E suggests that the ferromagnetic ordering is favored energetically. For the divacancies, we calculate the energy difference ⌬E for a 96 atom supercell containing two divacancies. The ferromagnetic state is also more energetically stable than the antiferromagnetic state by −125 meV. As for the mechanism, it seems similar to the narrow-band ferromagnetism described with a Hubbard model. 17 However, it is still an open problem, and especially, the existence of an O 2 dimer makes it more complicated in the case of divacancy doping.
Because LDA tends to exaggerate delocalization of electron density, we perform LDA+ U calculations as a test with a moderate value of U ͑3.6 eV͒ on the oxygen p level. We find two changes due to the localization of the hole states: first, the total magnetic moment calculated for the single Ti vacancy increases from 3.5 B to 4.0 B ; second, the ferromagnetic states become more stable. However, the general physical picture is not changed.
In conclusion, the magnetic properties arising from the native defects in anatase TiO 2 have been investigated using the first-principles electronic structure method. O vacancies are not related to the so-called d 0 -ferromagnetism. Ti vacancies produce net magnetic moments, about 3.5 B per vacancy. The origin is the holes introduced by the Ti vacancy in the narrow nonbonding oxygen 2p band. Ti divacancies also produce net magnetic moments, about 2.0 B per divacancy. When two Ti vacancies take up the nearest sites, an O 2 dimer forms in the center of the divacancy, resulting in the dramatic drop of the total energy and total magnetic moment. For both the magnetic moments arising from the Ti vacancies or divacancies, the ferromagnetic order is preferred energetically. We thank S.-H. Wei at NREL for helpful discussions. J.L. gratefully acknowledges financial support from "Onehundred Talents Plan" of the Chinese Academy of Sciences. 
